Abstract Surface wettability and topography are recognized as critical factors influencing cell behavior on biomaterials. So far only few works have reported cell responses on surfaces exhibiting extreme wettability in combination with surface topography. The goal of this work is to study whether cell behavior on superhydrophobic surfaces is influenced by surface topography and polymer type. Biomimetic superhydrophobic rough surfaces of polystyrene and poly(L-lactic acid) with different micro/nanotopographies were obtained from smooth surfaces using a simple phase-separation based method. Total protein was quantified and showed a less adsorption of bovine serum albumin onto rough surfaces as compared to smooth surfaces of the same material. The mouse osteoblastic MC3T3-E1 cell line and primary bovine articular chondrocytes were used to study cell attachment and proliferation. Cells attached and proliferate better in the smooth surfaces. The superhydrophobic surfaces allowed cells to adhere but inhibited their proliferation. This study indicates that surface wettability, rather than polymer type or the topography of the superhydrophobic surfaces, is a critical factor in determining cell behavior.
Introduction
After implantation biomaterials interact with the surrounding tissues, and ultimately cells, through their interfaces. The type of interaction is largely dependent on the surface properties of the materials, such as wettability, topography/roughness, surface charge and chemistry [1] . Understanding such phenomena is critically important to the comprehension of many fundamental questions related to cell-material interactions and for the development of biomaterials in the field of Tissue Engineering (TE) and Regenerative Medicine.
Surface properties including wettability and topography are recognized as critical factors that can directly influence cell behavior. In addition, these parameters can modify the conformation of adsorbed proteins, thereby indirectly influencing cell-substrate interactions [2] [3] [4] [5] . Cells respond to topographical cues in many ways and the response of a wide variety of cell types have been studied on several substratum features such as grooves, ridges, steps, pores, wells and nodes in micro-and nano scales to understand the interactions between cells and different topographies [6] [7] [8] [9] .
Superhydrophobic surfaces combine micro and nanometer scale roughness along with a low surface energy material which leads to a water contact angle (WCA) higher than 1508 [10] . Many examples of superhydrophobic surfaces can be found in Nature, such as the lotus leave, which have been used as inspiration for the production of synthetic superhydrophobic surfaces using a large number of techniques [11, 12] . Superhydrophobic surfaces have been developed for several applications including antifouling, non wettable textiles, transparent and antireflective self-cleaning coatings or humidity-proof coatings for electronic devices [13, 14] . We have shown that such surfaces could be useful in several biomedical-related areas. They could be used as substrates for particle production [15] [16] [17] [18] , open microfluidic devices [19] and the production of arrays for high-throughput analysis [20] . Anti-bioadhesion applications, aimed at preventing protein adsorption and cell adhesion have been mostly studied in blood compatible materials [21, 22] . Nonetheless, few works are found in literature reporting the use of superhydrophobic surfaces as support for cell response studies [23] [24] [25] [26] [27] [28] .
Superhydrophobic surfaces may display different topographies, but to our knowledge the influence of such different textures on cell behavior have never been reported. Cell behavior is dependent not only on surface properties but may be also affected by the cell type [23, 29] . There is both fundamental and practical interest in combining different topographies with surfaces with extreme wettability properties in order to investigate if the influence of topography or cell type is as important as the influence of wettability itself on cell behavior.
In this work, biomimetic superhydrophobic surfaces with distinct topographies were obtained from two smooth polymeric surfaces, polystyrene (PS) and poly(L-lactic acid) (PLLA), by a simple and low-cost phase separation method. Our aim was to investigate the influence of surface topography and the chemical nature of superhydrophobic surfaces on the cellular response using two distinct cell types: a cell line and a primary cell culture. PS is a well known amorphous aromatic polymer, and is frequently used as control cell-material interaction studies. PLLA is a biodegradable, semi-crystalline polyester proposed to be used in several biomedical applications [30] [31] [32] . The different thermal behavior of these two materials allows to generate different surface textures when substrates are processed by a phase separation methodology. This parameter is used in this work to produce superhydrophobic surfaces with distinct topographies on both polymer types.
Materials and Methods

Materials
Smooth PS films used in this work were purchased from GoodFellow Cambridge Limited, England, with a thickness of 0.25 mm.
A high stereoregular PLLA with a Mn of 69.000 and a Mw/Mn of 1.734 was obtained from Cargill Dow LLC, USA. The glass transition temperature and melting temperature of this polymer were 60 and 162°C, respectively [33] .
Tetrahydrofuran (THF) and sterile agarose were purchased from Sigma-Aldrich. 1,4-Dioxane (p.a. C 99.5 %) and absolute ethanol were obtained by Fluka and Panreac, respectively.
Superhydrophobic Surface Production
Preparation of PS Superhydrophobic Surfaces
PS substrates were obtained cutting the smooth PS films into small squares of 5 9 5 cm 2 and were cleaned by immersion in 70 % ethanol (v/v) in an ultrasonic bath for 10 min.
A 70 mg/mL solution of PS (injection molding grade) in THF was prepared and then mixed with absolute ethanol in a ratio of 2: 1.3 (v/v). The mixture was uniformly dispensed onto PS substrates, resulting in the formation of an opaque or semi-transparent layer. After 10 s on air, the substrates were then immersed in absolute ethanol for 1 min. Afterwards the surfaces were dried at room temperature, resulting in rough superhydrophobic surfaces of PS.
Preparation of PLLA Superhydrophobic Surfaces
Flat smooth PLLA substrates were produced by melting PLLA powder between two glass slides subjected to compression at 200°C followed by cooling in water [25] .
A 13 % (wt/v) PLLA solution in 1, 4-dioxane was casted on the substrates. After an evaporation period of a few seconds the substrates were immersed in absolute ethanol to induce the phase separation of the casted solution. The samples were first dried under nitrogen flow and then in the vacuum oven at 30°C for 24 h to eliminate all solvent residues. When the samples were completely dry, the upper part was removed giving rise to rough superhydrophobic surfaces of PLLA.
All PS and PLLA surfaces were punched into circular samples with a diameter of 8 mm and their nomenclatures were the following: PS-S and PLLA-S for the smooth PS and PLLA substrates, respectively, and PS-R and PLLA-R for the corresponding rough surfaces.
Characterization
Scanning Electron Microscopy
Surface topography was analyzed, before and after processing, using the phase-inversion method, by a Leica Cambridge S-360 scanning electron microscope (Leica Cambridge, UK). All samples were pre-coated with a conductive layer of sputtered gold. The analyses were performed at an accelerating voltage of 15 kV at different magnifications.
Optical Profilometry
The surface average roughness and the root mean square roughness of the PS and PLLA rough surfaces were measured with a Wyko-NT1100 optical profiler. The measurements were carried out applying the vertical scanning interferometry (VSI) mode.
Contact Angle Measurement
The wettability of different surfaces was characterized by contact angle (CA) measurements. Static CA measurements were performed using the sessile drop method on an OCA15? goniometer (DataPhysics, Germany) under ambient conditions at room temperature. Milli-Q water (6 lL) was dropped on the surfaces and pictures were taken after water drop stabilization. Three samples of each surface type were measured five times. The CA measurements of all samples were performed in the same week of their preparation and 12 weeks later.
X-Ray Photoelectron Spectroscopy
The surface chemical composition of smooth and rough surfaces was investigated by X-Ray Photoelectron Spectroscopy (XPS), using a Physical Electronics Quantera SXM (scanning XPS microprobe) system with monochromatic Al Ka radiation (h = 1486.6 eV/15 kV) shot at an angle of 458 toward the surfaces. Survey spectra were obtained with pass energy of 224 eV and a step size of 0.8 eV. The software used was a Compass for XPS control, Multipak v.8.0 for data reduction. The measurements were carried out in triplicate 12 weeks after samples' preparation.
Adsorbed Protein Quantification
BCA Assay
Protein adsorption on samples was analyzed by colorimetric detection and quantification of total protein using a bicinchoninic acid (BCA) protein assay kit (Pierce Chemical Co, USA). This system utilizes BCA as the detection reagent for Cu ?1 , which is formed when Cu ?2 is reduced by protein in an alkaline environment. The purple colored reaction product exhibits a strong absorbance at 562 nm that is linear with increasing protein concentration.
Surfaces were fixed on the bottom of an ultra low attachment plate and immersed in 500 lg/mL of bovine serum albumin (BSA, Sigma-Aldrich) in phosphate buffered saline (PBS, Gibco). The same plate was used as control. After 24 h of incubation in a humidified atmosphere with 5 % CO 2 at 37°C, the remaining protein in solution was assayed for total protein quantification. The assay was performed according to manufacturer's instructions. Accordingly, protein concentrations were determined with reference to standards of BSA by comparison to a known standard curve. The absorbance was read on a microplate spectrophotometer (Tecan) at 562 nm and the total protein adsorbed on the sample was calculated subtracting the sample value from the value obtained in the control (empty well).
Cells Culture
Mouse Osteoblastic Cell Line Culture
The murine osteoblastic cell line MC3T3-E1 were suspended in alpha Minimum Essential Medium Eagle (a-MEM, Invitrogen) supplemented with 10 % of heatinactivated fetal bovine serum (FBS, Sigma-Aldrich), 2 mM a-glutamine (Invitrogen), 100U/100 lg/mL penicillin/streptomycin (Pens/Strep, Invitrogen) and 1 mM sodium pyruvate (Invitrogen). Adherent MC3T3-E1 cells were expanded in tissue culture flasks and incubated in a humidified atmosphere with 5 % CO 2 at 37°C. The medium was changed every third day until the cells reached 80 % of confluence.
Bovine Articular Chondrocyte Culture
Bovine articular chondrocytes (BCH) were isolated from harvested bovine cartilage from the patellar-femoral groove of calf legs through enzymatic digestion. Cartilage tissue was cut in small pieces and chondrocytes were isolated by incubation in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing 0.2 % collagenase type II overnight at 37°C. The isolated chondrocytes were washed in PBS, centrifuged and re-suspended in chondrocyte proliferation medium containing DMEM high glucose (Invitrogen) with 10 % FBS (Sigma-Aldrich), 0.1 mM non-essential amino acids (Sigma-Aldrich), 100U/100 lg/mL Pen/Strep (Invitrogen), 0.4 mM proline (Sigma-Aldrich) and 0.2 mM Ascorbic-acid-2-Phosphate (Invitrogen), culture expanded in tissue culture flasks and incubated in a humidified atmosphere with 5 % CO 2 at 37°C. The medium was changed every third day until the cells reached 80 % of confluence.
Prior to cell seeding, the surfaces were sterilized by immersion in 70 % (v/v) of ethanol for 2 h, rinsed three times with PBS and then fixed to the bottom of 48-well plates with a gelseal (GE Healthcare Bio-Science Corp.).
Each well containing the samples was filled with a heated agarose solution (agarose/PBS) 3 % (wt/v). The plates were left 1 h in the fridge at 4°C to solidify and create an agarose mould. Tissue culture polystyrene (TCPS) wells were used as control and agarose moulds were also made inside of these wells. After solidification the agarose moulds were punched with the same size of the samples and the remaining holes were filled with culture medium for overnight pre-incubation prior to cells seeding.
The agarose moulds were used in this work in order to force cell adherence to the sample and not to the TCPS. Moreover, agarose moulds ensured that cell attachment was not impaired due to culture medium repellence from superhydrophobic samples and sample floating.
At confluence cells were detached using 0.25 % trypsin/ EDTA solution (Sigma-Aldrich). Cells were re-suspended in medium and seeded on each experimental group as well as in TCPS (controls) with 1 9 10 4 cells in 300 lL of medium. The medium was changed every 2 days and before each assay the agarose moulds were carefully removed.
Cell Viability, Adhesion and Proliferation Studies
Cell viability and metabolic activity of MC3T3-E1 and BCH were studied using a MTT [3-(4, 5-dimethyl-2-thiazolyl)-2, 5-dimethyl tetrazolium bromide] and live/ dead assays. The MTT assay was performed at day 1 and live/dead assay at days 1 and 7, according to manufacturer's specifications.
Cell adhesion on smooth and rough surfaces was studied by a DNA quantification assay carried out after 3 days of culture using both cell types. In order to study the influence of these surfaces on cell proliferation, the Alamar Blue assay was performed with MC3T3-E1 cell line at 1, 3 and 7 days.
The surfaces were further observed by Scanning Electron Microscopy (SEM) to investigate MC3T3-E1 cell line and BCH morphology at days 1, 3 and 7.
MTT Quantification
MTT assay measures the metabolic activity of viable cells, when the tetrazolium ring of MTT is converted by a mitochondrial dehydrogenase to a water insoluble purple formazan salt. In brief, the culture medium of each cell culture was removed from the wells and rinsed twice with 400 lL of PBS. Then, 400 lL of complete culture medium and 40 lL of MTT solution (5 mg/mL) were added to each well. The plate was incubated at 37°C in humidified atmosphere with 5 % CO 2 for 4 h. Subsequently, the supernatant was carefully discarded and the remaining MTT-formazan crystals dissolved by adding 400 lL of dimethyl sulfoxide (DMSO). The plate was left under stirring for 5 min in an orbital shaker (200 rpm). The content of each well was transferred to a microtube and centrifuged at 1,300 rpm for 2 min. 200 lL aliquots of the supernatant were transferred into a 96-well plate and a control with 200 lL of DMSO was also prepared. The absorbance was read on a microplate spectrophotometer (Tecan) at 540 nm with background subtraction at 690 nm. The results were expressed in percentage relative to the cells seeded on TCPS.
Live/Dead Assay
Live/dead assay (Invitrogen) was performed according to the protocol. The samples were washed with PBS and stained with calcein-AM (2 lM) and ethidium homodimer-1 (4 lM) in PBS and incubated for 30 min in dark at 37°C in a 5 % CO 2 humidified atmosphere. The samples were immediately examined in a fluorescent microscope (Nikon Eclipse E600) using a fluorescein isothiocyanate (FITC) for green live cells, and Texas Red filters for dead cells, stained red.
DNA Quantification Assay
Quantification of total DNA was performed with Quant-iT PicoGreen dsDNA assay kit (Molecular Probes/Invitrogen, USA).
After 3 days of culture, samples were transferred into eppendorf tubes and sonicated (for 5 s for 4 times) in 200 lL of distillated water. The samples were then vortexed and 10 lL of each plus 90 lL of PicoGreen solution were added to an opaque white 96-well plate. After 5 min of incubation in dark the plate was read using a microplate reader (Victor 3 , Perkin-Elmer, USA) at an excitation wavelength of 485 nm and an emission wavelength of 520 nm.
Alamar Blue Assay
Alamar Blue reduction was investigated as a measure of cell metabolic activity (Biosource, DAL 1100). Briefly, cell culture medium was replaced with 10 % (v/v) of Alamar Blue solution in each well. After 4 h of incubation in a humidified atmosphere with 5 % CO 2 at 37°C, the fluorescence of samples (200 lL) was measured using a microplate reader (Victor 3 , Perkin Elmer, USA) at an excitation wavelength of 545 nm and an emission wavelength of 590 nm.
Scanning Electron Microscopy Observation
MC3T3-E1 and BCH cells morphology was evaluated by SEM, after the samples being fixed with 10 % (v/v) formalin for 30 min, dehydrated using graded ethanol solutions (70, 80 90 and 100 % (v/v), 30 min in each) and critical point dried (Balzers CPD 030). All samples were coated with gold using a sputter coater (Cressington) for 60 s at a current of 40 mA. The analysis was performed on a Philips XL 30 ESEM-FEG microscope at an accelerating voltage of 10 kV.
Statistical Analysis
Each experiment was carried out in triplicate unless otherwise specified. All the results on this study are reported as mean ± standard deviation (SD). Experimental data were analyzed using the one-way ANOVA test to assess statistical significance of the results, except WCA changes that were analyzed by Student's t test. Statistical significance was set at a p value of \0.05 (* and #) or \0.01 (**).
Results and Discussion
Physical-Chemical Characterization of Surfaces
SEM micrographs depicting the morphology of the PS and PLLA rough surfaces are shown in Fig. 1 . The surfaces exhibit a hierarchical micro and nano-structured roughness, which was induced when the polymers were dissolved in their respective solvents mixed with the non-solvent (ethanol) forcing precipitation. The mass transfer of the non-solvent and solvent across the interface forces the homogeneous solution to become thermodynamically unstable resulting in phase separation. PS and PLLA form both a poor and rich polymer phase. In the poor phase, polymer nuclei are formed by precipitation. In order to decrease surface energy (tension) the rich polymer phase aggregates around these nuclei. Subsequently, polymer precipitation within the rich PS and PLLA phase, causes a continuous deposition of spheres on the surface which decreases the surface tension even more [34] .
Despite similar methods to prepare PS and PLLA rough surfaces, the surfaces have different topographies caused by the different physical properties of the polymers: PS is an amorphous and PLLA is a semi-crystalline polymer. The rough structure at the micro-level of PS-R and PLLA-R surfaces was further characterized using optical profilometry (Fig. 2) . PS-R exhibits randomly distributed spheres with sizes from 50 to 200 nm that are agglomerated in larger micrometer structures (Fig. 1b and c for higher magnification) with an average roughness of 13.41 ± 2.83 lm (Fig. 2a) , while PLLA-R shows well defined individual papilla-like structures with an average particle diameter of 10 lm exhibiting clear rough texture at the nanometer level ( Fig. 1e and f for higher magnification), similar to the papillae nanostructures of the lotus leaf [35] . PLLA-R also presents a textured surface at the micrometer scale with an average roughness of 8.28 ± 0.66 lm (Fig. 2b) .
The wetting behavior and surface chemistry of smooth and rough surfaces were investigated by water contact angle (WCA) measurements and XPS, respectively. The phase separation method transforms the hydrophobic smooth surfaces into rough superhydrophobic surfaces (WCA [ 1508), which wettability remained stable over time (Fig. 3) .
The high-resolution C1s spectra of the PS and PLLA samples are shown in Fig. 4 and revealed three peaks, which were decomposed into Gaussian peaks using a nonlinear fitting algorithm. For PS-S and PS-R surfaces, the high-resolution spectrum consists of a hydrocarbon Fig. 1 SEM microphotographs of PS (a, b, c) and PLLA (d, e, f) surfaces before (a, d) and after (b, c, e, f) phase inversion based methodology. c and f Represent magnifications of b and e respectively. The insets show photographs of a water droplet deposited on the corresponding surfaces peak at 285.0 eV, an aromatic carbon peak at 284.7 eV and a broad aromatic peak at about 291.5 eV. In the case of PLLA-S and PLLA-R surfaces, the C1s 285.0 eV peak was assigned to the main backbone carbon peak, 287.3 eV to C-O group and 289.5 eV to O=C-O group. As expected, O1s spectra did not show any significant differences between PS-S and PS-R and between PLLA-S and PLLA-R. These results are consistent with the molecular structure of PS and PLLA, respectively. XPS analysis suggested that the chemistry of rough and smooth surfaces were similar for each polymer, which means that the chemistry is maintained on the rough surfaces that only differ from their original smooth surfaces by topographic features [19] . The superhydrophobicity is a direct consequence of the change in surface roughness, consisting of a combination of micro and nanometer scale roughness combined with a low surface energy material [36] .
Protein Adsorption on Surfaces
It is widely accepted that cellular responses to biomaterial are not only mediated by direct contact, but also through an interfacial layer created on material surface once it is in contact with a physiological environment. This interfacial layer is a result of competitive adsorption of proteins from the milieu onto the material surface [37] . The composition of this protein layer and the conformation and orientation of the proteins within, can affect cellular responses such as for example cell adhesion [38] .
In order to gain insight into the above mentioned process the adsorption of a model protein, bovine serum albumin (BSA), was analyzed. We performed a BCA assay in order to investigate the effect of surface topography on protein adsorption between topographic cues comparable to what was described elsewhere [39] [40] [41] . So far just a few studies reported protein adsorption on surfaces exhibiting extreme contact angles [20, 42, 43] . A comparison of quantitative outcome of these BSA adsorption studies onto smooth and rough surfaces after 24 h is shown in Fig. 5 .
As expected, protein adsorption on superhydrophobic surfaces tended to be reduced when compared to more wettable surfaces. No statistical differences were found between the protein adsorbed between PS-S and PLLA-S, nor between PS-R and PLLA-R substrates. In contrast, the amount of protein adsorbed onto rough surfaces was significantly lower when compared with smooth surfaces. This fact indicates the influence of wettability on protein adsorption and this effect appears independent from the kind of topography of the rough surfaces. Our findings are in agreement with previous works [20, 42, 44] and may be explained by a model proposed by Cassie and Baxter [45] . This model postulates that an increase in surface roughness at the micro and nanometer scale leads to superhydrophobicity as a consequence of the fact that liquid can not intrude into the lower regions of the topographic features and a fraction of the surface of the drop in contact with the substrate is suspended by enclosed air pockets.
According to the Cassie-Baxter model a dissolved protein is in direct contact just with a fraction of the material's surface. Such regions will be able to adsorb the proteins from the protein solution, explaining why high contact angles of PS-R and PLLA-R were not sufficient to completely prevent protein adsorption.
Cell Viability, Adhesion and Proliferation
The biological response of superhydrophobic rough surfaces has led to contradictory results when compared to smooth surfaces. Some authors reported higher cell affinity to rough surfaces [23, [46] [47] [48] [49] and others the opposite [25, 26, 42, 48] . In general, only a few cells can adhere on superhydrophobic surfaces, therefore decreasing their proliferative capacity [26, 42] . In contrast, some studies have shown cell proliferation and survival [46, 48] and in some cases even differentiation [47] and enhanced transfection efficiency [49] . But one also has to keep in mind that cell behavior can be cell type dependent [23, 29] .
Attachment, adhesion and spreading are the first phases of cell-material interactions and the quality of these stages influences the capacity of cells to proliferate on contact with the material [50] . In order to investigate the biological performance of PS and PLLA surfaces and evaluate the influence of surface wettability, topography and chemistry MC3T3-E1 cells and primary BCH were used as a model for in vitro evaluation. Both cell types were seeded on the different surfaces and viability, attachment and proliferation were investigated.
Cell viability/cytotoxicity was assessed using both a MTT assay (Fig. 6 ) and a live-dead assay (Fig. 7) . In all the conditions tested, the viability of BCH cells tended to be lower than MC3T3-E1 cells. Cell viability at the rough Fig. 5 BCA assay showing albumin adsorption on PS and PLLA surfaces after 24 h of immersion in 500 lg/mL of BSA. Data are reported as mean ± SD (n = 3) and significant differences were found for (*) p \ 0.05 and (**) p \ 0.01 Fig. 6 MTT quantification of MC3T3-E1 cell line and bovine articular chondrocytes (BCH) on the different surfaces and on tissue culture polystyrene (TCPS) as control after 1 day in culture. Data are expressed as mean % change compared to control ± SD (n = 3). Significant differences between different surface types on the same culture day were found for (*) p \ 0.05 and (**) p \ 0.01 surfaces was generally lower than at the corresponding smooth surfaces, especially for BCH. As seen before for the case of the protein adsorption, cell viability seems to be not dependent on the chemical nature of the two polymers and also not sensitive to the topography of the superhydrophobic surfaces.
As shown in Fig. 7 , live-dead assay displayed distinct surface biocompatibility, cell attachment and cell proliferation. In general more live cells (green) were seen on smooth surfaces as compared to the rough counterpart after 1 day of culture, being consistent with the MTT and DNA quantification (Fig. 8) . After 7 days in culture, cells started to be confluent on smooth surfaces, but the same did not happen on rough surfaces, most likely because the number of cells on the rough surfaces was lower given by the reduced cell viability found after 1 day of culture. These experiments showed that both cell types preferred to adhere to and proliferate on smooth surfaces rather than on textured surfaces.
DNA quantification confirmed that more cells were observed on the smooth surfaces (Fig. 8) . MC3T3-E1 cells showed better cell attachment than bovine articular chondrocytes. Our results indicated that polymer composition and surface topography did not influence cell attachment on superhydrophobic surfaces, suggesting that extreme wettability might be the determining factor explaining these observations. In order to evaluate the effect of surface roughness on cell proliferation, an Alamar Blue assay was performed using MC3T3-E1 cells cultured for 7 days on treated and non treated surfaces-see Fig. 9 .
At day 1, rough surfaces presented lower fluorescence as compared to smooth surfaces. From day 1 to day 3, cell proliferation increased for the smooth surfaces while small differences were observed for the rough surfaces. The values of day 3 are in line with the DNA quantification results (Fig. 8) . From day 3 to day 7, cell proliferation increased significantly only on the smooth surfaces, but no proliferation of cells could be seen on the rough surfaces. At day 7, strong differences were observed between smooth and rough surfaces that contrasted with the small differences found between the polymers. In addition: (i) Cell proliferation significantly increased with prolonged culture time on PS-S and PLLA-S that exhibited similar values for each time point; (ii) the values between PS-R and PLLA-R are comparable except for day 7; PLLA-R demonstrates a significant increase between day 1 and day 7, but much lower than the smooth counterpart. (iii) In general cells can attach and survive on these superhydrophobic materials but do not seem to grow on these rough surfaces, mostly explained by the reduced cell viability on these surfaces in the early culture times.
Abovementioned results could be explained by the distribution, conformation, and strength of adhesion between proteins and our substrates, modulating the interaction between cells and substrate. It has been reported that there is a preferential cell attachment on surfaces with moderate wettability, which permits the adsorption of serum proteins with labile and reversible bonds. The moderate degree of wettability allows cells to deposit their own adhesion proteins, exchanging them with the more rapidly adsorbed serum proteins [28, 40, 51] . This mechanism was found to be slower on extremely hydrophobic or hydrophilic surfaces; adsorbed proteins showed altered conformation of the domains involved in cell adhesion [42] , that resulting in a lack of mature focal adhesion formation, thus justifying the fact that cells do not adhere and proliferate so well on such surfaces. For superhydrophobic surfaces one should also consider the scenario in which protein adsorption and cell attachment may be prevented. The underlying mechanism could be that there is a significant fraction of the surface area that does not come into contact with the cell culture medium. The previous mentioned Cassie-Baxter hypothesis limits the mass transfer of protein to the surface and may reduce the amount of cell adhesion sites.
After initial cell adhesion, cells alter their cell membrane and morphology in order to stabilize their interaction with the substrate. The morphology of MC3T3-E1 and BCH cells onto smooth and rough surfaces was analyzed by SEM after 1, 3 and 7 days of culture (Fig. 10) . Different substrate topographies may promote changes in cell adhesion, cell orientation and cell shape. On rough surfaces, focal adhesions are located at cell edges, where the contact with the substrate takes place, whereas on smooth surfaces cells tend to generate more homogeneous distribution of focal adhesions [52, 53] .
MC3T3-E1 cells on PS-S and PS-R surfaces on day 1 preserved a rounded morphology, which in time changed to a more elongated and flattened shape after 3 and 7 days. Regarding the cell-material interaction on PS-R and the cell morphology we found that cells located on the surface showed an elongated morphology with high cell-cell interactions but with a low cell-material attachment. In contrast, BCH cells kept their round phenotype on PS-S surfaces during 7 days of culture period. But, on PS-R these cells only adhered to the asperities of these surfaces, where we observed a mixture of rounded and spread morphologies.
On PLLA-S surfaces, MC3T3-E1 cells exhibited a spindle shape morphology, whereas cells preferred to maintain a more flattened shape on rough surfaces. The morphology of the BCH cells was sustained for 3 days in culture on PLLA-S surfaces, but after 7 days in culture cells displayed a spread morphology. On PLLA-R surfaces, both types of cells were well spread and connected mainly to some points of asperities at the surfaces for the whole culture time. Probably modulated by the nano roughness of papillae-like structures of the PLLA-R substrate BCH cells adopted a characteristic stellate-like spread morphology. Consistent with a Cassie-Baxter scenario, this behavior could be a consequence of the non-complete wetting of the surface, due to the existence of air entrapped in micro and nano-cavities [26] . Also for PS, it could be observed that BCH cells exhibit a more rounded morphology on PS-S samples and that attach poorly on PS-R substrates.
The round shape of chondrocytes is an indicator of phenotype retention. The loss of cartilage phenotype of chondrocytes in culture is usually associated with changes in cell morphology, from a rounded to a spread one [54] , as shown preferentially in PLLA-R or PS-R surfaces.
Conclusions
We were able to generate bioinspired superhydrophobic rough surfaces of PS and PLLA with different micro/nanotopographies by using a simple phase-separation method in a reproducible manner. PS-R surfaces exhibited randomly distributed structures while PLLA-R surfaces showed individual well defined papilla-like structures with a rough texture. Results showed that similar amounts of BSA protein were adsorbed on PS or PLLA surfaces with comparable wettability. Protein adsorption was found to be lower on textured than on smooth surfaces. The cell viability, adhesion and proliferation showed that the roughness induced by phase separation reduced the affinity of MC3T3-E1 cell line and primary BCH cells. Nevertheless, cells were still metabolically active and able to adhere and survive on rough superhydrophobic surfaces. Proliferation was generally inhibited on PS-R and PLLA-R. Both primary chondrocytes and MC3T3-E1 cells showed similar behavior when in contact with the surfaces, although the latter seemed to be less affected. Our results highlights the low influence of both polymer chemistry and topography of the studied superhydrophobic surfaces on cell behavior and show the influence of wettability as the main responsible factor to explain the different cell behavior on smooth and rough surfaces.
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